Autism spectrum disorder (ASD) is a neurodevelopmental syndrome marked by impairments in social interactive functioning and communication skills, and the presence of repetitive and restrictive behaviors. Twin and linkage studies provide evidence that ASD is heritable and genetically complex. Genetic analyses of familial quantitative traits in those with ASD may help to reveal underlying risk genes. We report a quantitative trait locus (QTL) analysis of nonverbal communication (NVC) in 228 families from the autism genetics resource exchange (AGRE) ascertained for at least two siblings with ASD. QTL at 1p13-q12, 4q21-25, 7q35, 8q23-24, and 16p12-13 indicate that genes at these loci may contribute to the variation in NVC among those with ASD. Using the criteria of Lander and Kruglyak, the QTL at 1p13-q12 is 'suggestive', while the other four are 'possible'. To assess whether these QTL are likely to harbor genes contributing specifically to the deficits in NVC, linkage analysis of ASD sibships with the most severe NVC scores was conducted. The sibships were identified by ordered-subset analyses (OSA), and families with the most severe NVC scores displayed lod scores of 3.4 at 8q23-24 and 3.8 at 16p12-13, indicating that these two regions are likely to harbor gene(s) contributing to ASD by predisposing to deficits in NVC.
Introduction
Autism spectrum disorder (ASD) is characterized by deficits in the three behavioral domains of social interaction, communication, and restrictive/repetitive behaviors. The disorders classified as ASD vary in severity, share common deficits in at least one of the aforementioned three domains, and their onset occurs early in childhood with symptoms that persist throughout adult life.
1 Autism (MIM 209850), first described in 1943, 2 is the most severe form of ASD. Those affected with autism exhibit substantial impairment in all three domains and manifest symptoms prior to 36 months of age. 1 Persons affected with the milder forms of ASD such as Asperger's syndrome can have normal intelligence and verbal abilities but have difficulties with social interactions and often exhibit restrictive and repetitive behaviors. 3 Similarities in the behavioral features and ages of onset among those with ASD indicate they may share common predisposing genes; whereas the differences in the severity and predominant features among those with ASD are likely to arise from trait-specific genes that can also contribute to its predisposition. Evidence consistent with such trait-specific genes includes the higher incidence of severe autistic-like symptoms in close relatives of autistic patients when compared to more distant relatives. 4 Children with ASD exhibiting an increased frequency of repetitive behaviors, as assessed by the Autism Diagnostic Interview Revised (ADI-R), 5 are nine times more likely to have a parent with obsessivecompulsive disorder, 6 than ASD children without the pronounced repetitive behaviors. 7 Other components of ASD, such as spoken language and social behavior, also show familiality in multiplex autism families. [8] [9] [10] [11] Although there is strong evidence supporting a genetic liability to ASD, 12 ,13 identification of susceptibility genes has been difficult, due to its likely genetic complexity and phenotypic heterogeneity. To illustrate, latent class analysis of symptoms and family history data allowed investigators to infer that a three locus epistatic model of inheritance fit ASD data best when compared to models ranging from single-locus to 10 loci. 14 The global excess of allele sharing in concordantly affected sib pairs versus ASD discordant sib pairs in a genome wide linkage study implied that at least 10 genes may be involved in autism. 15 Recent gene-mapping efforts successfully stratified families to reduce genetic and clinical heterogeneity by features such as sex, 16, 17 repetitive behavior, 18 and severity. 19 Quantitative trait locus (QTL) mapping is an alternative strategy to reduce the heterogeneity of genetically complex disorders. It involves linkage analysis of a quantitative trait associated with a genetic disorder, such as, in this case, a measure of nonverbal communication (NVC) in those with ASD. The method tests each chromosome region for a relationship between the degree of genotype sharing and the similarity of that quantitative trait in affected relative pairs. This method has the advantage of analyzing all of the genotype and trait data in the complete sample, as there is no need to stratify the sample into those with and without a given feature. Using this approach in two autism genetics resource exchange (AGRE) samples, evidence for a languagespecific locus was observed on 7q for 'age at first word', 8, 9 while no evidence was found at the same locus when analyzing allele sharing in the same sample of ASD sibling pairs.
NVC, a subdomain of ASD, is correlated with scores reflecting the degree of impairment in other ASD subdomains, 20 and thus, potentially with ASD severity. As NVC may be a surrogate for ASD severity, it serves a useful trait for mapping ASD genes. It is also a good candidate for QTL analyses because while verbal communication skills can only be measured in subjects with higher functioning forms of ASD such as Asperger's syndrome, 3 NVC can be measured across ASD subtypes, and thus provides information on a larger, and potentially more informative, study sample. In the analyses reported here, NVC is defined by summing the items from the ADI-R 5 diagnostic algorithm that is related to the subdomain of NVC. The ADI-R is discussed in greater detail in the Materials and methods section below. This measure of NVC is consistent with ones used in two previous studies in independent ASD samples. The first was of sibling pairs from 46 ASD sibships that estimated the intraclass correlation for NVC as 0.39, 21 and the second was an analysis of 136 sibling pairs with autism that had an NVC intraclass correlation of 0.19.
11 These significant correlations provide evidence NVC is familial, and likely genetic, both of which are necessary prerequisites for QTL studies. We report herein the results of a QTL analysis of NVC, to identify loci likely to harbor genes contributing to variation in NVC, followed by an ordered-subset analysis (OSA) at those loci to identify the ones that are likely to contribute to the risk for ASD through deficits in NVC.
Materials and methods

Study sample
Nuclear families ascertained for at least two siblings with ASD by the AGRE have been fully described elsewhere 22 and on the AGRE website (www.agre.org). IRB approval was obtained from the Western Institutional Review Board. The ADI-R, a semistructured interview given by trained testers to caregivers of children suspected to have autistic symptoms, 5 was used to diagnose ASD. Questions in the ADI-R focus on assessing possible deficits in the three classical domains of autism: verbal/NVC, social development/play, and repetitive stereotyped interests/behaviors. The ADI-R algorithm used to diagnose a subject with autism is based on criteria in the ICD-10 23 and the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV).
1 Individuals are diagnosed with autism if their scores in the three behavioral domains meet cutoff criteria and their onset of symptoms is prior to 36 months of age. Also, included in the sample are less severely affected subjects, classified as not-quite-autism (NQA) or broad spectrum, categories that are based on AGRE criteria (see: http://agre.org/agrecatalog/algorithm.cfm). These individuals have all been classified as having ASD for the NVC QTL analyses.
NVC scores for the entire sample of 1132 ASD individuals with NVC data were analyzed to assess the full extent of the NVC distribution and to test the association of NVC and verbal impairment. For the QTL and OSA analyses, monozygotic twins and individuals with nonidiopathic autism via physician assessments, such as fragile X syndrome, and families not having two or more siblings with NVC scores and genotypes were excluded. Of the remaining 228 nuclear families, 203 had two affected siblings, 23 had three affected siblings, and two had four affected siblings, resulting in 284 sibling pairs (483 children with ASD).
NVC trait definition
The NVC score is defined as the summation of responses from ADI-R items 29-33, 63 and 65, which are described in Table 1 , and comprise the ADI-R diagnostic algorithm for defining NVC deficits. Responses to each of the seven ADI-R items range from 0 to 3, where 0 represents no observable deficit in that area and higher values correspond to greater impairment. An age-dependent scoring criterion is used to correct for age-related behaviors in older subjects. That is, each ADI-R question provides entries for a response labeled 'CURRENT' and for another response labeled 'MOST ABNORMAL AT 4-5'. For children under the age of 4, the response to 'CURRENT' was used, which described the subject's impairment at the time of interview. 'MOST ABNORMAL AT 4-5' was used for those beyond that age range, which described their most extreme impairment at any time point between ages 4 and 5. Although the Autism Diagnostic Observation Schedule 24 also has diagnostic criteria addressing the NVC features of ASD, 25 items from the ADI-R were selected as the research tool to define NVC because the ADI-R items encompass a broader set of skills and the procedure to combine scores over different age groups is more direct.
To test whether NVC correlates with an interviewer assessment of verbal ability, the ASD sibpairs in the 228 QTL families were categorized according to their levels of verbal impairment as indicated by the ADI-R question 'overall level of language' (Item 19). Possible values on this item range from 0 to 2, where 0 denotes the presence of comprehensible phrases of three words or more, 1 denotes the absence of three word phrases but the presence of speech on a daily basis with at least five distinct words in the last month, and 2 denotes the presence of fewer than five words and/or speech not used on a daily basis. 5 Genotyping A genome scan of 408 microsatellite markers was conducted in the parents and children of 228 families. The genotyping methods are described elsewhere. 26 When Mendelian errors were detected (via the PedCheck software 27 ) at a marker within a family, that family was excluded from the analyses for that marker. The genotype data were checked and corrected for misspecified family relationships using the PREST software. 28 PREST analyzes each pair of relatives in a pedigree by first estimating their expected probabilities of sharing 0, 1, or 2 alleles identical by descent. Any statistically significant deviation from the expected values, assuming a normal distribution, is flagged as a misspecification.
Trait distributions and correlations
The software packages R 29 and SAS (version 9.1; SAS Institute, Cary, NC, USA) were used for statistical analyses. The Anderson-Darling statistic 30 was used to assess normality of the trait distributions. Sibling trait correlations and correlations in ADI-R domains were estimated using the Kendall-Tau statistic. 31 To assess whether the severity of NVC scores are associated with the severity of language deficits as defined by ADI-R Item 19 categories, the nonparametric Jonckheere-Terpstra statistic, 32 which provides a z-score, was applied. It is a test of whether the average ranks of the NVC scores among subsets are ordered according to an ordinal variable such as Item 19. A significant result would imply that classifications by Item 19 and NVC scores are correlated.
Genetic analyses
The QTL analysis of NVC was conducted using the nonparametric linkage statistic of the Genehunter 2.1 software. 33 This test is a generalization of the To assess whether the QTL identified by the above described analyses are likely to harbor genes that specifically contribute to deficits in ASD, we tested whether the siblings in the families with the highest NVC scores exhibit excess allele sharing in these regions using OSA, implemented via the software package OSA. 34 These analyses can test whether a subset of families that has been ordered according to a covariate such as NVC provide the greatest contribution to the allele sharing linkage signal at a chromosome locus. The full sample of 228 families was ordered by the covariate of their average NVC score in the affected siblings within each family, from highest to lowest. The families were included sequentially in an allele sharing linkage analysis of ASD until the linkage statistic was maximized and did not increase further. To decide when the maximum is achieved, OSA calculates an empiric P-value for each sample size by permuting the family ordering and counting the proportion of times the allele sharing lod score is greater than or equal to the one observed in the true sample. Allele sharing lod scores were generated for the families using the Genehunter 2.1 software. 35 The criterion of an OSA lod score greater than 3.0 was used to identify those QTL likely to harbor a gene(s) contributing to ASD through deficits in NVC.
Results
NVC distributions and correlations
NVC distributions in the total sample and within verbal ability classifications are given in Table 2 . Non-normality of NVC in each verbal impairment category and for the total distribution indicates nonparametric statistical analyses should be used.
Sibling NVC correlations in the full sample and in the three verbal impairment categories where Table 3 . The highest correlation in NVC, t ¼ 0.38 (n ¼ 20, Po0.05), was observed in the pairs with the greatest language impairment. These significant correlations are consistent with previous significant results in independent samples 11, 21 and allow us to infer that NVC is familial in ASD sibships, and therefore, likely to be heritable.
NVC means and medians in the three language impairment subsets increase with the impairment level ( Table 2 ) (z ¼ 14.86, Po0.0001). These results imply that NVC may be a good surrogate for the degree of language impairment that has a distribution with sufficient variation for a QTL analyses. Although NVC is not normally distributed, the effect size of the level of language on NVC can be assessed from the medians and ranges reported in Table 2 . The median increases by 5, which is about 25-30% of the range, indicating as level of language changes there is substantial impairment of NVC as well.
NVC scores are also significantly correlated with social (0.61, Po0.0001) and repetitive and restrictive behavior (0.27, Po0.0001), the other two ADI-R domains.
NVC QTL analysis
Multipoint QTL analysis conducted on 284 sibling pairs identified five chromosome regions with zscores greater than 2.33 (Po0.01) that are given in Table 4 . Plots of the QTL z-scores across these five chromosomes are shown in Figure 1 .
OSA was conducted on the five chromosomes with QTL to assess whether a subset of the families with the highest average NVC scores provides most of the allele-sharing linkage evidence in the sample of ASD families. Table 5 reports the chromosome regions, the changes in the lod scores, and the sizes of the samples that produced them, for those regions with OSA lod scores greater than 3.0. That is, when the 175 families with the highest NVC scores were included in the allele-sharing analysis lod score analysis, the evidence for linkage at 8p23-24 increased from a lod of 1.6-3.4. This pattern was also seen for the 70 families with the highest NVC scores on chromosome region 16p12-13, where a lod of 0.3 increases to a lod of 3.8. This increase indicates that by ordering and selecting the families by average NVC score a lod score of 0.3 increases to 3.8 for the binary trait. This was not seen on the other three chromosomes with QTL, indicating genes in these regions may be contributing to variation in NVC through multiple alleles that do not confer a particular direction to the effect. Figure 2 illustrates the OSA results on chromosomes 8 and 16 where the lod scores (solid lines) for the highest NVC scoring families, as indicated in Table 5 , are shown with lod scores (dashed lines) for all families.
Discussion
These analyses illustrate that defining quantitative traits within genetically complex disorders such as ASD, and analyzing them to identify QTL, is a useful strategy for mapping predisposing genes. The trait studied here, NVC, displays characteristics necessary for success in QTL mapping. NVC deficits are a central feature of ASD, are positively correlated with other features of ASD, and exhibit significant familiality. Familiality has been established in previous studies 11, 21 as well as in the current one. Nonnormality of NVC implies that nonparametric analyses should be conducted, potentially reducing the statistical power to identify loci. However, five QTL that may contribute to variation in NVC were identified with a criterion of Po0.01, and two of them, at 8q23-24 and 16p12-13, were found likely to contribute to ASD specifically through deficits in NVC. The other three are more likely to harbor genes with multiple alleles that can either enhance or impede nonverbal communication in ASD.
The NVC QTL identified by this study are all in regions that have previously been highlighted by other studies of ASD linkage by the Lander and Kruglyak criteria 36 as either possible (Po0.05) or suggestive (Po0.0007). The most significant QTL in the current study at 1p13-q12 (Table 4) was 'suggestive', and with 'possible' linkage in two previous independent studies of ASD in samples of 17 and 139 sibships. 37, 38 The QTL at 4q21-25 and 8q23-24, found at the 'possible' level, were both linked to ASD at the 'suggestive' level by the analysis of 381 sibling pairs drawn from the same AGRE cohort used in the current study, 26 indicating that the genes contributing to ASD in these regions are likely to influence NVC. At 16p12-13, a QTL found at the possible level, an analysis of 83 ASD sibpairs in the International Molecular Genetic Study of Autism Consortium (IMGSAC) sample resulted in linkage at the 'suggestive' level, 37 and 'possible' evidence was seen in the linkage analysis of autism in 151 sibships that included families from this same AGRE cohort. 39 These findings of ASD linkage at the NVC QTL lend additional support to using the QTL approach and to the importance of these chromosome regions in ASD.
A QTL on 7q35 for 'age-at-first word' was first identified in an AGRE sample of 113 sibpairs, 8 in the same location as one found for NVC. In a follow-up investigation of the 'age at first word' QTL in an expanded sample of AGRE families and using OSA, allele sharing in this region increased when ordering the families from the least to the greatest time of 'age at first word'. 9 The current NVC QTL study shares 117 sibling pairs with the study of 'age at first word', and NVC and 'age at first word' are correlated at 0.21. An OSA analysis of NVC ordered by NVC from best to worst at this locus, resulted in a very modest lod score increase from 1.0 to 1.7. One can interpret these results to indicate there is a gene at 7q35 predisposing to variation in NVC within ASD that protects against the risk for speech delay. A reasonable alternative is that there are two or more communication genes in this region affecting NVC and 'age at first word' independently. Further investigations of genes in this region will disentangle these findings. With regard to linkage of these regions to other neuropsychiatric disorders, multiple studies implicate 8q23-24 in bipolar disorder, [40] [41] [42] [43] and 16p12-13 has been linked to attention-deficit/hyperactivity disorder (ADHD). 44, 45 While deficits in NVC skills are not defining features of bipolar disorder or ADHD, it is possible that a common gene could contribute to NVC in these disorders as well as ASD. Language QTL were found at 8q23-24 by a genome scan analysis for language development as assessed by the Clinical Evaluation of Language Fundamentals Revised (CELF-R) and Nonword Repetition (NWR) language skill metrics. 46 However, as noted above, language and NVC deficits may be correlated and not share a common genetic etiology.
In conclusion, NVC deficits define an important subdomain and familial feature of ASD that is likely to be genetic and result from variation at 8q23-24 and 16p12-13. Multiple phenotypic analyses within the AGRE sample resulting in modest linkage evidence should be considered with caution, until the findings are replicated. Thus, replication of these results in independent ASD samples will be critical for establishing the validity of the QTL and OSA approach to understanding the etiology of genetically complex disorders and for identifying the genes contributing to the risk for developing ASD through deficits in NVC.
